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Abstract
VGF (non-acronymic) was first highlighted to have a role in energy homeostasis through
experiments involving dietary manipulation in mice. Fasting increased VGF mRNA in the
Arc and levels were subsequently reduced upon refeeding. This anabolic role for VGF was
supported by observations in a VGF null (VGF-/-) mouse and in the diet-induced and gold-
thioglucose obese mice. However, this anabolic role for VGF has not been supported by a
number of subsequent studies investigating the physiological effects of VGF-derived pep-
tides. Intracerebroventricular (ICV) infusion of TLQP-21 increased resting energy expendi-
ture and rectal temperature in mice and protected against diet-induced obesity. Similarly,
ICV infusion of TLQP-21 into Siberian hamsters significantly reduced body weight, but this
was due to a decrease in food intake, with no effect on energy expenditure. Subsequently
NERP-2 was shown to increase food intake in rats via the orexin system, suggesting opposing
roles for these VGF-derived peptides. Thus to further elucidate the role of hypothalamic VGF
in the regulation of energy homeostasis we utilised a recombinant adeno-associated viral vec-
tor to over-express VGF in adult male Siberian hamsters, thus avoiding any developmental
effects or associated functional compensation. Initially, hypothalamic over-expression of VGF
in adult Siberian hamsters produced no effect on metabolic parameters, but by 12 weeks
post-infusion hamsters had increased oxygen consumption and a tendency to increased car-
bon dioxide production; this attenuated body weight gain, reduced interscapular white adipose
tissue and resulted in a compensatory increase in food intake. These observed changes in
energy expenditure and food intake were associated with an increase in the hypothalamic
contents of the VGF-derived peptides AQEE, TLQP and NERP-2. The complex phenotype of
the VGF-/- mice is a likely consequence of global ablation of the gene and its derived peptides
during development, as well as in the adult.
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Introduction
VGF is a neurotrophin-induced gene that is widely expressed in neuronal and neuroendocrine
cells. The VGF gene encodes a 68kDa polypeptide which is cleaved by prohormone conver-
tases (PCs) into multiple smaller peptides and released upon depolarising stimuli [1–4]. Whilst
VGF mRNA is expressed in many regions of the nervous system, the highest concentrations of
VGF immunoreactivity are found in the ventromedial hypothalamus, in particular the arcuate
nucleus (Arc) and paraventricular nucleus (PVN) [5–7].
VGF was first highlighted to have a role in energy homeostasis through experiments involving
dietary manipulation in mice. Fasting increased VGF mRNA in the Arc, and levels were subse-
quently reduced upon refeeding [8]. This anabolic role for VGF was supported by observations
in a VGF null (VGF-/-) mouse [8]. VGF-/- mice are small, lean, hypermetabolic and hyperactive.
They consume more food per gram body weight than wildtype littermate controls, and display
increased oxygen consumption and locomotor activity [8]. Interestingly, ablation of the VGF gene
blocked the development of obesity in diet- and gold-thioglucose mice and VGF-/- mice crossed
with the (Ay/a) (agouti) mouse, whilst weight gain was attenuated in the ob/ob mouse [9, 10].
However, this anabolic role for VGF has not been supported by a number of subsequent stud-
ies investigating the physiological effects of VGF-derived peptides. Intracerebroventricular
(ICV) infusion of TLQP-21 increased resting energy expenditure and rectal temperature in mice
and protected against diet-induced obesity [11]. Similarly, ICV infusion of TLQP-21 into Sibe-
rian hamsters significantly reduced body weight, but this was due to a decrease in food intake,
with no effect on energy expenditure [12]. Subsequently NERP-2 was shown to increase food
intake in rats via the orexin system (body weight data not included) [13], suggesting opposing
roles for these VGF-derived peptides. More recently, VGF expression was shown to be depen-
dent upon metabolic state in rats [14], whilst in the Siberian hamster, TLQP immunoreactivity
was found to be expressed throughout the hypothalamus (the preoptic area, supraoptic nucleus,
suprachiasmatic nucleus and median eminence) in axons and perikarya [15]. A possible explana-
tion for the differences observed between the functional studies utilising the different VGF
derived peptides [11, 12] and the genetic studies in the VGF-/- mouse [8] is that global ablation
of the gene produces an errant phenotype, possibly due to VGF having pleiotropic roles during
development and adult life, as recently reviewed [4].
The aim of this study was therefore to better understand the role of VGF in the regulation of
energy homeostasis by utilising a recombinant adeno-associated viral vector (AAV) to over-
express VGF in the hypothalamus of adult male Siberian hamsters, thus avoiding any develop-
mental effects or associated functional compensation. We previously demonstrated the feasibility
of using the viral 2A sequence in combination with AAV for the long-term over-expression of
VGF and fluorescent reporter (eGFP) genes in the hypothalamus of the Siberian hamster [16].
Methods
Animals
Male Siberian hamsters (Phodopus sungorus) aged 3 months were taken from a colony main-
tained by the University of Nottingham (Ebling, 1994). Hamsters were housed in individual
cages under controlled temperature (21±1˚C) and on a reverse photoperiod of 16h light/8h
dark (lights off at 11:00h), with ad-libitum access to food and water, unless otherwise stated.
The diet was standard laboratory chow comprising of 19% extruded protein and 9% fat (Tek-
lad 2019, Harlan, UK). All animal procedures were approved by the University of Nottingham
Animal Welfare and Ethical Review Board and were carried out in accordance with the UK
Animals (Scientific Procedures) Act 1986 (project licence PPL 40⁄3604).
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Synthesis of construct and viral particles
Synthesis of constructs and viral particles, including in vitro and in vivo validation, has been
described previously [16]. In brief, pAAV-CBA-VGF-2A-eGFP (subsequently called pAAV-
VGF-GFP) was constructed by removing the AgRP-IRES-eGFP from the plasmid pAAV-
CBA-AgRP-IRES-eGFP-WPRE (a kind gift from Dr Miguel Sena-Esteves (University of
Massachusetts, Worcester, USA; [17]) and inserting VGF-2A-eGFP. The plasmid was then
sequenced to confirm removal of AgRP-IRES-eGFP and insertion of VGF-2A-eGFP in the
correct orientation. Following in vitro validation in the SH-SY5Y neuroblastoma cell line, the
pAAV-VGF-GFP plasmid was packaged into AAV-2 by Vector BioLabs (PA, USA) and the
packaged AAV-GFP control was purchased from Vector Biolabs (PA, USA).
Infusion of viral constructs
Animal surgical procedures were carried out as previously described [16, 17]. Briefly, animals
were placed in a Kopf stereotaxic frame (David Kopf Instruments, NY, USA) with the incisor
bar positioned level with the interaural line under general anaesthesia (0.5–2.5% isoflurane).
Analgesia was maintained via subcutaneous injection of carprofen (50 mg/kg Rimadyl, Pfizer,
Kent, UK). Using the sutures confluence bregma as a landmark, a small hole was drilled on
midline and the dura mater was pierced just lateral to the mid-sagittal sinus. A drawn glass
capillary microinjector (30-micron tip diameter) was lowered to the correct location. Using a
Nanolitre Injection system (WPI, Stevenage, UK) 200nl of the viral vector (AAV-GFP, n = 3
or AAV-VGF-GFP, n = 4) was directed towards the PVN (anteroposterior +0.03, mediolat-
eral ± 0.03, dorsoventral -0.58 (co-ordinates from [18]). Infusions were over two minutes,
however the glass microinjector was kept in place for an additional 5 minutes to allow for dif-
fusion and prevention of backflow through the cannula track, and the incision was closed
using Michel clips. The surgically-prepared Siberian hamsters were allowed a seven day recov-
ery period, during which they were handled on a daily basis, received analgesia and had access
to a palatable diet consisting of soaked Teklab diet. Over-expression of VGF mRNA and eGFP
was previously described (16).
Metabolic gases and feeding behaviour
Multiple respiratory and feeding behaviour parameters were measured using a Comprehen-
sive Lab Animal Monitoring System (CLAMS; Linton Instrumentation, Linton, UK, and
Columbus Instruments, Columbus, OH, USA) as described previously [16, 17, 19]. This is
an open-circuit calorimeter configured for small rodents, where the rodents were individu-
ally housed with food hoppers in the centre of each cage containing chow ground into a
rough powder, and dropper-style water bottles. Metabolic parameters measured included
oxygen consumption (VO2) and carbon dioxide production (VCO2), normalised over the
estimated lean mass (BW 0.75) due to the change in body composition, such that the energy
expenditure (EE) and respiratory exchange ratio (RER) could be calculated as previously
described [20]. Feeding behaviour parameters measured included the timing and duration
of feeding, individual meal size, and total food intake per unit time. A meal equal to or
greater than 0.02g is considered to be a feeding bout. Ambulatory (locomotor) activity was
also measured continuously using two sets of infrared beams traversing each cage that mea-
sure linear and vertical movement. The system was operated with an air intake of 0.6 L⁄min
for each chamber, and an extracted outflow of 0.4 L⁄min. All measurements were taken at an
ambient temperature of 21–22˚C.
Central over-expression of VGF
PLOS ONE | DOI:10.1371/journal.pone.0172724 February 24, 2017 3 / 14
Effect of over-expression of VGF in the hypothalamus of Siberian hamsters
Three groups of adult male Siberian hamsters were utilised. Group 1 received a bilateral infu-
sion of 200nl of either AAV-GFP (n = 3, 1 x 1013 genomic copies/ml, one animal from this
group was euthanized due to poor recovery from anaesthesia) as control or AAV-VGF-GFP
(n = 4, 7.2 x 1012 genomic copies/ml) directed towards the PVN. We have previously shown
this to be an effective strategy for infecting the hypothalamus, an area of high VGF expression
[17]. After recovery bodyweight and food intake were measured weekly in the home cage. 2
weeks post viral infusion, Group 1 were euthanized by injection of pentobarbital sodium
(Euthatal; Rhone Merieux, Harlow, UK) and organs removed, weighed and immediately snap
frozen at -80˚C. Group 2 received the same vectors as described, were subjected to CLAMS
analysis for 48 hours (the first 24 hours were discarded as a period of habituation; the second
24 hours were used for analysis and presented here, a strategy successfully utilised in[16, 17,
19]) at 2 and 12 weeks post viral infusion and subsequently euthanized by injection of pento-
barbital sodium and organs removed, weighed and immediately snap frozen at -80˚C. Group 3
received the same vectors as described (n = 6 per treatment) and 32 weeks post viral infusion
were euthanized by injection of pentobarbital sodium and the brains removed and immedi-
ately snap frozen at -80˚C [16]. eGFP visualization and in situ hybridization were performed as
previously described [16]. Briefly, antisense transcripts were generated from the pSC-B-AMP/
KAN plasmid (containing VGF cDNA) using T7 polymerase (NEB, USA) in the presence of
digoxigenin(DIG)/fluorescein-12-uridine-5-triphosphate (a kind gift from Dr Dylan Sweet-
man, UoN). Riboprobes were purified on a spin column. Slides containing 20μm coronal sec-
tions were fixed in 4% PFA/0.1% gluteraldehyde before treatment with proteinase K (10μg/
ml). Slides were incubated with hybridization solution containing riboprobe for 6h at 65˚C.
Post-hybrisidation, sections were washed with hybridization solution for 10mins at 65˚C, fol-
lowed by two washes with maleic acid buffer containing 0.1% Tween-20 (MABT, pH 7.5). Sec-
tions were subsequently blocked in MABT/2% Roche blocking agent for 1h and subsequently
incubated overnight with anti-DIG conjugated to alkaline phophatase (1:2000) at 4˚C. Slides
were washed with MABT for 1h followed by an overnight incubation in MABT at 4˚C. To per-
form the colour reaction, sections were washed with 1-methyl-5-thiotetrazole (NMTT) con-
taining nitroblue tetrazolium (NBGT) and 5-bromo-3-indocyl-phosphate (BCIP). The colour
reaction was stopped by washing the sectionsin 5x TBST (1xTBS, 0.1% Tween 20, 0.2mM
sodium azide) overnight at 4˚C. This process was repeated the following day to intensity the
signal and reduce background. Images were captured using a Lecia DMRB microscope (Ger-
many) and OpenLab software (UK). To determine VGF mRNA and GFP expression, slides
were scored for the density of signal in the hypothalamic region reflecting hybridization of the
VGF probe and GFP signal by an observer who was blind to the treatment: 0 = no hybridiza-
tion, 1 = a few cells expressing VGF mRNA, 2 = moderate VGF mRNA expression, 3 = abun-
dant VGF mRNA [21].
Peptide quantification
Quantification of the VGF peptides including, TLQP, AQEE and NERP-2 was carried out via
ELISA on whole hypothalamic samples. The antibodies used in each assay were produced
against the following peptides: the N-terminal decapeptide of TLQP-21 (rat VGF556-565),
AQEE-30 (rat VGF586-595), and the C-terminal nonapeptide of NERP-2 (rat VGF342-350)
that contains an amide group at its C-terminus, conjugated with bovine thyroglobulin or key-
hole limpet hemocyanin via an additional cysteine at the C-terminus (TLQP, AQEE) or N-ter-
minus (NERP-2). Each antibody has a high affinity for the corresponding VGF peptide, but
other cleaved peptides encompassing the sequence could also be recognised, as previously
Central over-expression of VGF
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observed with TLQP antiserum which binds to TLQP-21, but also TLQP-62 [15]. The ELISA
was carried out as previously described [15]. Briefly, multi-well plates coated with the specific
synthetic VGF peptides were incubated with the VGF antisera in parallel with tissue samples
and standards (the same synthetic peptides used for immunizations) followed by the relevant
biotinylated secondary antibodies (Jackson, West Grove, PA, USA) and the streptavidin-per-
oxidase conjugate (Biospa, Milan, Italy). Each VGF assay was characterized using various syn-
thetic peptides (see Table 1).
Statistical analysis
Descriptive statistics (mean±SEM) were generated using GraphPad Prism (version 6.0, Graph-
Pad Software Inc., San Diego, CA, USA). Body weight, home food intake, data obtained from
the CLAMS apparatus and peptide quantification were analysed using two-way repeated mea-
sures ANOVA followed by a post hoc Bonferroni test. Data on organ weights at the end of the
study were analysed using a Student’s unpaired t-test. Scores were analysed by a Kruskal-Wallis
test with post-hoc Dunn’s tests for multiple comparisons. Statistical significance was accepted at
p<0.05.
Results
Over-expression of VGF mRNA
Post mortem analysis revealed high levels of GFP expression in both groups, however, VGF
mRNA expression was lowly expressed in the hypothalamus of AAV-GFP animals. Animals
treated with AAV-VGF-GFP demonstrated high levels of hypothalamic VGF mRNA which
corresponded to the pattern of GFP expression (see S1 Fig).
Effect of over-expression of VGF on body weight, food intake and
ingestive behaviour
Bilateral infusion of AAV-VGF-GFP into the hypothalamus of Siberian hamsters had no effect
on body weight at 2 weeks post infusion compared to AAV-GFP control (Fig 1A), however
over the 12 week experimental period an attenuation in the increase in body weight was
observed (time vs. treatment interaction F = 5.037, p< 0.001). Siberian hamsters infused with
AAV-GFP control increased in bodyweight by an average 12.6% at the end of the 12 week
study period whereas those infused with AAV-VGF-GFP only increased by an average of 1.0%
(Fig 1A).
Table 1. VGF assay characterization. IC50: 50% inhibitory concentration; CV1 and CV2: intra- and inter-assay variation, respectively; h: human; r: rat. 1pep-
tide used for plate coating and assay standard. 2Des-amidated peptide and 3peptide with an additional glycine residue at the C-terminus were used to test for
cross reactivity. All of the antisera used for the tissue VGF quantification showed 100% cross-reactivity with the corresponding peptides.
Assay Peptide IC50 pmol/ml CV1 CV2 Cross-reactivity
TLQP rVGF556-564 (TLQPPASSR)1 1.1 3–5 6–10 100
rVGF555-564 3.5
rVGF556-567 (TLQP-11) 122
rVGF556-576 (TLQP-21) 183
AQEE hVGF586-595 (AQEEAEAEER)1 3 3–4 10–13 100
NERP-2 rVGF312-350-NH2 1 1 3–5 5–8 100
rVGF342-350-NH2 73
rVGF342-350 (des-amide)2 <0.001
rVGF342-351 (“G” extended)3 <0.001
doi:10.1371/journal.pone.0172724.t001
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Over the 12 week experimental period a significant increase in cumulative food intake was
observed in the AAV-VGF-GFP group compared to AAV-GFP control group (time vs. treat-
ment interaction F = 10.91, p<0.0001, Fig 1B). Analysis of the pattern of ingestive behaviour
over a 24 hour period at 2 weeks post infusion revealed no effect of treatment on meal dura-
tion, frequency and intake (Fig 1C, 1E and 1G, respectively). At 12 weeks post infusion,
AAV-VGF-GFP treated animals had a significant increase in meal duration (Fig 1D effect of
treatment F = 8.385, p<0.05), but there was no significant change in meal frequency (Fig 1F).
Food intake was significantly increased (Fig 1H, effect of treatment F = 5.784, p< 0.05).
Effect of over-expression of VGF on metabolic parameters
Analysis of metabolic parameters at 2 weeks post bilateral infusion with AAV-VGF-GFP
revealed no effect of treatment at this stage compared to the AAV-GFP control group (Fig 2A–
2E). However, by 12 weeks post infusion there was a significant increase in VO2 in the
AAV-VGF-GFP treated group compared to the AAV-GFP control animals (effect of treat-
ment = 8.854, p< 0.05; Fig 2F), while there was a trend for an increase in VCO2 (effect of treat-
ment F = 5.706, p = 0.06; Fig 2G). The effect was primarily in the dark phase, with VO2 being
13.4% higher in the AAV-VGF-GFP treated group compared to the AAV-GFP control group.
This resulted in a significant increase in energy expenditure in the AAV-VGF-GFP control
group (effect of treatment F = 7.968, p<0.05; Fig 2H). No effects on RER (Fig 2I) or ambula-
tory activity (Fig 2J) were observed.
Effect of over-expression of VGF on organ weight
There was no effect on organ or tissue weight in Siberian hamsters bilaterally infused with
AAV-VGF-GFP (compared to those infused with AAV-GFP as a control) 2 weeks post infu-
sion (Table 2). However, at 12 weeks post infusion, there was an increase in the weight of inter-
scapular brown adipose tissue (p<0.05, Table 2) and a decrease in weight of interscapular
white adipose tissue (p< 0.05, Table 2) in the AAV-VGF-GFP group. There were no signifi-
cant effects on the wet weights of the epididymal white adipose tissue and the liver (Table 2).
Effect of over-expression of VGF peptide levels in the hypothalamus
Bilateral infusion of AAV-VGF-GFP for two weeks (Group 1) did not result in any changes in
the levels of VGF derived peptides TLQP, AQEE and NERP-2 compared to those infused with
AAV-GFP, however by 12 weeks an increase in all three peptides was apparent (Fig 3A–3C,
time vs. treatment interactions F = 5.02, 5.07 and 3.78 respectively, p<0.05).
Discussion
Hypothalamic over-expression of VGF in adult Siberian hamsters produced a complex pheno-
type; at 2 weeks post infusion there was no effect on metabolic parameters. AAV-2 has a rela-
tively slow onset of transcription but has been previously shown to efficiently and stably over-
express trans- and reporter-genes [17, 22, 23]. By 12 weeks hamsters had increased oxygen
consumption and a tendency to increased carbon dioxide production; though no significant
Fig 1. Hypothalamic over-expression of VGF attenuates body weight gain, whilst increasing food intake; a
consequence of increased meal duration. Adult male Siberian hamsters received bilateral infusion of either AAV-GFP
(control, GFP) or AAV-VGF-GFP (treated, VGF), with bodyweight (in grams) (A) and food intake (grams per gram body
weight) (B) determined over the 12 weeks in home cages; while meal duration (C and D) and meal frequency (E and F) were
determined over a 24hr period in metabolic cages at 2 (C and E) and 12 weeks (D and F) post-infusion. Values are group
mean ±SEM, n = 3–4 per treatment, interaction **** p<0.0001; effect of treatment * p<0.05.
doi:10.1371/journal.pone.0172724.g001
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change in RER and therefore no evidence that substrate utilization (carbohydrate vs. fat oxida-
tion) was affected. The increase in oxygen consumption 12 weeks post viral infusion was not
due to an increase in locomotor activity, as this was similar in AAV-GFP and AAV-VGF-GFP
infused animals. We infer that the significant increase in oxygen consumption, and therefore
energy expenditure, 12 weeks post viral infusion, particularly during the dark phase, was the
main driver for the attenuated body weight gain in AAV-VGF-GFP infused animals. Indeed,
hypothalamic over-expression of VGF reduced interscapular white adipose tissue weights, but
increased interscapular brown adipose tissue weights, 12 weeks post infusion, which may
potentially account for the increased energy expenditure. Interestingly, externally located
WAT depots are relatively spared in response to photoperiod change in the Siberian hamster;
epididymal WAT demonstrates proportionally greater decreases [24]. This suggests differential
sympathetic neural control in WAT depots in this species. There was a small but significant
increase in food consumption measured in the home cage in AAV-VGF-GFP infused animals.
The increase in cumulative food intake was apparent 3 weeks post infusion and persisted for the
12 week experimental period; this resulted in significantly increased cumulative food intake
(grams per g body weight) in the AAV-VGF-GFP infused group. This reflected increased meal
duration and intake, as measured in CLAMS at 12 weeks post viral infusion, since meal fre-
quency was unaffected. There was no effect on these behavioural parameters 2 weeks post infu-
sion. We infer that these increases in food intake were a compensatory mechanism to limit
weight loss and maintain energy stores. These observed changes in energy expenditure and
food intake were associated with an increase in the hypothalamic contents of the VGF-derived
peptides, AQEE, TLQP and NERP-2. These peptides have been shown to be involved regulating
energy homeostasis, since ICV administration of TLQP-21 has been shown to reduce food
intake in Siberian hamsters [12] and increase energy expenditure in mice [11], while ICV infu-
sion of NERP-2 in rats was shown to increase energy expenditure and food intake via the orexin
system [13], suggesting opposing roles for these two distinct VGF derived peptides. These func-
tional studies conducted with VGF derived peptides in multiple species largely support the phe-
notype produced by hypothalamic over-expression of VGF in the Siberian hamster. Both of
these VGF derived peptides (TLQP and NERP-2) were increased 12 weeks post viral infusion
with AAV-VGF-GFP and may contribute to the observed increase in energy expenditure. Inter-
estingly, TLQP-62 is the most prominent VGF derived peptide [3], whilst AQEE-30 increases
Fig 2. Hypothalamic over-expression of VGF increases oxygen consumption (VO2) which is unrelated
to ambulatory activity. 24 hour profiles of oxygen consumption (VO2) (A and F), carbon dioxide production
(VCO2) (B and G), energy expenditure (C and H), respiratory exchange ratio (RER) (D and I) and ambulatory
(locomotor) activity (E and J) of adult male Siberian hamsters measured in metabolic cages at 2 (A-E) and 12
weeks (F-J) post-infusion with either AAV-GFP (control, GFP) or AAV-VGF-GFP (treated, VGF) viral vectors.
Values are group mean ±SEM, n = 3–4 per treatment, effect of treatment * p<0.05.
doi:10.1371/journal.pone.0172724.g002
Table 2. Hypothalamic over-expression of VGF in Siberian hamsters increases BAT weight and reduces interscapular white adipose tissue
weight. Mean (± SEM) wet tissue weight (mg per g BW) in Siberian hamsters receiving bilateral AAV-GFP or AAV-VGF-GFP at 2 and 12 weeks post viral
infusion. * p < 0.05.
Group Treatment LIVER (mg/g BW) eWAT (mg/g BW) iBAT (mg/g BW) iWAT mg/g BW)
Group 1 (week 2) AAV-GFP 34.9 ± 2.2 25.6 ± 0.7 2.6 ± 0.3 17.4 ± 3.5
AAV-VGF-GFP 32.9 ± 1.4 27.5 ± 0.6 2.5 ± 0.2 16.3 ± 2.1
Group 2 (week 12) AAV-GFP 36.1 ± 1.9 23.6 ± 1.6 2.9 ± 0.2 24.4 ± 3.4
AAV-VGF-GFP 38.0 ± 3.7 22.8 ± 0.5 4.6 ± 0.4* 17.4 ± 3.5*
eWAT = epididymal white adipose tissue; iBAT = intrascapular brown adipose tissue; iWAT = intrascapular white adipose tissue
doi:10.1371/journal.pone.0172724.t002
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Fig 3. Hypothalamic over-expression of VGF resulted in time-dependent increases in the VGF-derived
peptides, TLQP, AQEE and NERP-2, in the hypothalamus of adult male Siberian hamsters.
Hypothalamic peptide levels (nmol/g protein) of TLQP (A), AQEE (B) and NERP-2 (C) in adult hamsters
bilaterally infused with either AAV-GFP (control, GFP) or AAV-VGF-GFP (treated, VGF) viral vectors at 2 or
12 weeks post infusion. Values are group mean ±SEM, n = 3–4 per treatment, interaction *p<0.05.
doi:10.1371/journal.pone.0172724.g003
Central over-expression of VGF
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upon high caloric feeding in rats [25] and analysis of hSNP mice (where the C terminal of VGF
is deleted) suggests AQEE-30 may have a positive effect on energy homeostasis (as these mice
have reduced adiposity) or act as functional antagonists of TLQP-21 under physiological condi-
tions [26]. However, this ablation is once again associated with a robust increase in oxygen con-
sumption, food intake and locomotor activity; a consequence of hyperactivity [26].
Interestingly, hypothalamic knockdown of VGF leads to metabolic disturbances in male
mice [27]. Hypothalamic knockdown of VGF, using a Cre-loxP system, resulted in weight gain
and decreased body temperature, oxygen consumption, RER and locomotor activity. Whilst
food intake was unaffected, glucose tolerance was impaired. These effects resulted in increased
adiposity and reduced UCP1 protein in BAT, a phenotype that is mostly opposite (and there-
fore in agreement with) the phenotype described here for hypothalamic VGF over-expression
and largely consistent with the proposed role of TLQP-21 in adult mice [11].
Interestingly, these effects of VGF over-expression are analogous to studies of cocaine
amphetamine regulated transcript (CART), which has orexigenic and anorectic effects depen-
dent upon its site of hypothalamic ICV infusion [28–30]. Furthermore, the phenotype pro-
duced by the hypothalamic over-expression of VGF in the Siberian hamster is very similar to
transgenic mice that over-express orexin, with orexin having been shown to mediate the effects
of NERP-2 in rats [13, 31]. Interestingly, these orexin transgenic mice are resistant to diet-
induced obesity as a result of increased energy expenditure despite significantly increased
daily food intake [31].
It is also of note that VGF gene expression is photoperiodically regulated, with short day
length (SD) which leads to reduced adiposity, associated with a decrease in expression of VGF
in the Arc but dramatically higher expression in the dorsomedial posterior Arc of Siberian
hamsters [21, 32]. Given the nature of the phenotype produced by hypothalamic over-expres-
sion of VGF in Siberian hamsters in long day length (LD) described here, there is a need to
determine peptide levels in specific hypothalamic nuclei to further elucidate their role in sea-
sonal adaptation.
The findings of the studies presented here are largely in agreement with those of Bartolo-
mucci et al. [11] and Jethwa et al. [12], which both utilised the VGF derived peptide TLQP-21,
as well as the hypothalamic knockdown studies conducted by Foglesong et al. [27]. However,
they are in contrast with the VGF-/- and hSNP mice, which are lean, hypermetabolic and
hyperactive [8, 26]. The complex phenotype of the VGF-/- mice [8] is a likely consequence of
global ablation of the gene and its derived peptides during development, as well as in the adult.
Hahm et al. [8] postulated that an increase in VGF expression in the hypothalamus of mice
would increase food intake and body weight, while energy expenditure would decrease, result-
ing in an obese phenotype. Indeed germline over-expression of VGF in mice modestly
increased body weight and food intake, whilst reducing locomotor activity [26]. The current
study demonstrates that over-expression of VGF in the hypothalamus of the Siberian hamster
actually results in the opposite phenotype, increasing energy expenditure and reducing body
weight gain, despite increasing food intake, highlighting the complexity of VGF and its derived
peptides during development and adulthood.
Supporting information
S1 Fig. Hypothalamic over-expression of VGF mRNA corresponds to GFP expression in
AAV-VGF-GFP treated animals. Hypothalamic VGF mRNA is increased in AAV-VGF-GFP
treated animals and is limited to a few cells in the AAV-GFP group (if detected) despite high
levels of GFP expression. Values are group mean ±SEM, n = 6 per treatment.
(PDF)
Central over-expression of VGF
PLOS ONE | DOI:10.1371/journal.pone.0172724 February 24, 2017 11 / 14
Author Contributions
Conceptualization: PHJ JMB.
Data curation: JEL PHJ JMB FJPE CC BN.
Formal analysis: JEL PHJ JMB FJPE.
Funding acquisition: PHJ.
Investigation: JEL PHJ.
Methodology: JEL PHJ JMB FJPE.
Project administration: JEL PHJ.
Resources: PH PB GLF.
Supervision: PHJ JMB.
Validation: JEL PHJ JMB FJPE.
Visualization: JEL PHJ JMB FJPE.
Writing – original draft: JEL PHJ JMB FJPE BN CC.
Writing – review & editing: JEL PHJ PB GLF FJPE.
References
1. Levi A, Eldridge JD, Paterson BM. Molecular cloning of a gene sequence regulated by nerve growth fac-
tor. Science. 1985; 229(4711):393–5. Epub 1985/07/26. PMID: 3839317
2. Salton SR, Fischberg DJ, Dong KW. Structure of the gene encoding VGF, a nervous system-specific
mRNA that is rapidly and selectively induced by nerve growth factor in PC12 cells. Mol Cell Biol. 1991;
11(5):2335–49. Epub 1991/05/01. PubMed Central PMCID: PMC359984. PMID: 2017159
3. Trani E, Giorgi A, Canu N, Amadoro G, Rinaldi AM, Halban PA, et al. Isolation and characterization of
VGF peptides in rat brain. Role of PC1/3 and PC2 in the maturation of VGF precursor. Journal of neuro-
chemistry. 2002; 81(3):565–74. Epub 2002/06/18. PMID: 12065665
4. Lewis JE, Brameld JM, Jethwa PH. Neuroendocrine Role for VGF. Frontiers in endocrinology. 2015;
6:3. PubMed Central PMCID: PMC4313783. doi: 10.3389/fendo.2015.00003 PMID: 25699015
5. van den Pol AN, Decavel C, Levi A, Paterson B. Hypothalamic expression of a novel gene product,
VGF: immunocytochemical analysis. Journal of Neuroscience. 1989; 9(12):4122–37. Epub 1989/12/01.
PMID: 2556505
6. van den Pol AN, Bina K, Decavel C, Ghosh P. VGF expression in the brain. The Journal of comparative
neurology. 1994; 347(3):455–69. Epub 1994/09/15. doi: 10.1002/cne.903470311 PMID: 7822494
7. Snyder SE, Salton SR. Expression of VGF mRNA in the adult rat central nervous system. The Journal
of comparative neurology. 1998b; 394(1):91–105.
8. Hahm S, Mizuno TM, Wu TJ, Wisor JP, Priest CA, Kozak CA, et al. Targeted deletion of the Vgf gene
indicates that the encoded secretory peptide precursor plays a novel role in the regulation of energy bal-
ance. Neuron. 1999; 23(3):537–48. Epub 1999/08/05. PMID: 10433265
9. Hahm S, Fekete C, Mizuno TM, Windsor J, Yan H, Boozer CN, et al. VGF is required for obesity induced
by diet, gold thioglucose treatment, and agouti and is differentially regulated in pro-opiomelanocortin-
and neuropeptide Y-containing arcuate neurons in response to fasting. Journal of Neuroscience. 2002;
22(16):6929–38. Epub 2002/08/15. PMID: 12177191
10. Watson E, Hahm S, Mizuno TM, Windsor J, Montgomery C, Scherer PE, et al. VGF ablation blocks the
development of hyperinsulinemia and hyperglycemia in several mouse models of obesity. Endocrinol-
ogy. 2005; 146(12):5151–63. doi: 10.1210/en.2005-0588 PMID: 16141392
11. Bartolomucci A, La Corte G, Possenti R, Locatelli V, Rigamonti AE, Torsello A, et al. TLQP-21, a VGF-
derived peptide, increases energy expenditure and prevents the early phase of diet-induced obesity.
Proc Natl Acad Sci U S A. 2006; 103(39):14584–9. Epub 2006/09/20. PubMed Central PMCID:
PMC1600003. doi: 10.1073/pnas.0606102103 PMID: 16983076
Central over-expression of VGF
PLOS ONE | DOI:10.1371/journal.pone.0172724 February 24, 2017 12 / 14
12. Jethwa PH, Warner A, Nilaweera KN, Brameld JM, Keyte JW, Carter WG, et al. VGF-derived peptide,
TLQP-21, regulates food intake and body weight in Siberian hamsters. Endocrinology. 2007; 148
(8):4044–55. Epub 2007/04/28. doi: 10.1210/en.2007-0038 PMID: 17463057
13. Toshinai K, Yamaguchi H, Kageyama H, Matsuo T, Koshinaka K, Sasaki K, et al. Neuroendocrine regu-
latory peptide-2 regulates feeding behavior via the orexin system in the hypothalamus. American journal
of physiology Endocrinology and metabolism. 2010; 299(3):E394–401. doi: 10.1152/ajpendo.00768.
2009 PMID: 20551287
14. Saderi N, Buijs FN, Salgado-Delgado R, Merkenstein M, Basualdo MC, Ferri GL, et al. A role for VGF in
the hypothalamic arcuate and paraventricular nuclei in the control of energy homeostasis. Neurosci-
ence. 2014; 265:184–95. doi: 10.1016/j.neuroscience.2014.01.060 PMID: 24508747
15. Noli B, Brancia C, Pilleri R, D’Amato F, Messana I, Manconi B, et al. Photoperiod Regulates vgf-Derived
Peptide Processing in Siberian Hamsters. PLoS One. 2015; 10(11):e0141193. PubMed Central
PMCID: PMCPMC4640585. doi: 10.1371/journal.pone.0141193 PMID: 26555143
16. Lewis JE, Brameld JM, Hill P, Barrett P, Ebling FJ, Jethwa PH. The use of a viral 2A sequence for the
simultaneous over-expression of both the vgf gene and enhanced green fluorescent protein (eGFP) in
vitro and in vivo. Journal of neuroscience methods. 2015.
17. Jethwa PH, Warner A, Fowler MJ, Murphy M, de Backer MW, Adan RA, et al. Short-days induce weight
loss in Siberian hamsters despite overexpression of the agouti-related peptide (AgRP) gene. Journal of
neuroendocrinology. 2010; 22:564–75. Epub 2010/04/07. doi: 10.1111/j.1365-2826.2010.02001.x
PMID: 20367758
18. Paxinos G, Franklin K. Paxinos and Franklin’s the Mouse Brain in Stereotaxic Coordinates. 4th Edition
ed: Elsevier; 2012. 360 p.
19. Warner A, Jethwa PH, Wyse CA, I’Anson H, Brameld JM, Ebling FJ. Effects of photoperiod on daily
locomotor activity, energy expenditure, and feeding behavior in a seasonal mammal. Am J Physiol
Regul Integr Comp Physiol. 2010; 298(5):R1409–16. Epub 2010/03/05. PubMed Central PMCID:
PMC2867510. doi: 10.1152/ajpregu.00279.2009 PMID: 20200136
20. Samms RJ, Murphy M, Fowler MJ, Cooper S, Emmerson P, Coskun T, et al. Dual effects of fibroblast
growth factor 21 on hepatic energy metabolism. The Journal of endocrinology. 2015; 227(1):37–47.
Epub 2015/08/22. doi: 10.1530/JOE-15-0334 PMID: 26294388
21. Lewis JE, Brameld JM, Hill P, Wilson D, Barrett P, Ebling FJ, et al. Thyroid hormone and vitamin D regu-
late VGF expression and promoter activity. Journal of molecular endocrinology. 2016; 56(2):123–34.
PubMed Central PMCID: PMC4705542. doi: 10.1530/JME-15-0224 PMID: 26643910
22. Zincarelli C, Soltys S, Rengo G, Rabinowitz JE. Analysis of AAV serotypes 1–9 mediated gene expres-
sion and tropism in mice after systemic injection. Molecular therapy: the journal of the American Society
of Gene Therapy. 2008; 16(6):1073–80. Epub 2008/04/17.
23. Xu R, Janson CG, Mastakov M, Lawlor P, Young D, Mouravlev A, et al. Quantitative comparison of
expression with adeno-associated virus (AAV-2) brain-specific gene cassettes. Gene therapy. 2001; 8
(17):1323–32. Epub 2001/09/26. doi: 10.1038/sj.gt.3301529 PMID: 11571569
24. Youngstrom TG, Bartness TJ. Catecholaminergic innervation of white adipose tissue in Siberian ham-
sters. The American journal of physiology. 1995; 268(3 Pt 2):R744–51. Epub 1995/03/01.
25. Schmidlin T, Boender AJ, Frese CK, Heck AJ, Adan RA, Altelaar AF. Diet-induced neuropeptide
expression: feasibility of quantifying extended and highly charged endogenous peptide sequences by
selected reaction monitoring. Analytical chemistry. 2015; 87(19):9966–73. doi: 10.1021/acs.analchem.
5b03334 PMID: 26376940
26. Sadahiro M, Erickson C, Lin WJ, Shin AC, Razzoli M, Jiang C, et al. Role of VGF-derived carboxy-termi-
nal peptides in energy balance and reproduction: analysis of "humanized" knockin mice expressing full-
length or truncated VGF. Endocrinology. 2015; 156(5):1724–38. PubMed Central PMCID:
PMC4398760. doi: 10.1210/en.2014-1826 PMID: 25675362
27. Foglesong GD, Huang W, Liu X, Slater AM, Siu J, Yildiz V, et al. Role of Hypothalamic VGF in Energy
Balance and Metabolic Adaption to Environmental Enrichment in Mice. Endocrinology. 2016; 157
(3):983–96. PubMed Central PMCID: PMC4769365. doi: 10.1210/en.2015-1627 PMID: 26730934
28. Dhillo WS, Small CJ, Stanley SA, Jethwa PH, Seal LJ, Murphy KG, et al. Hypothalamic interactions
between neuropeptide Y, agouti-related protein, cocaine- and amphetamine-regulated transcript and
alpha-melanocyte-stimulating hormone in vitro in male rats. Journal of neuroendocrinology. 2002; 14
(9):725–30. PMID: 12213133
29. Kristensen P, Judge ME, Thim L, Ribel U, Christjansen KN, Wulff BS, et al. Hypothalamic CART is a
new anorectic peptide regulated by leptin. Nature. 1998; 393(6680):72–6. doi: 10.1038/29993 PMID:
9590691
30. Murphy KG. Dissecting the role of cocaine- and amphetamine-regulated transcript (CART) in the control
of appetite. Briefings in functional genomics & proteomics. 2005; 4(2):95–111.
Central over-expression of VGF
PLOS ONE | DOI:10.1371/journal.pone.0172724 February 24, 2017 13 / 14
31. Funato H, Tsai AL, Willie JT, Kisanuki Y, Williams SC, Sakurai T, et al. Enhanced orexin receptor-2 sig-
naling prevents diet-induced obesity and improves leptin sensitivity. Cell metabolism. 2009; 9(1):64–76.
PubMed Central PMCID: PMC2630400. doi: 10.1016/j.cmet.2008.10.010 PMID: 19117547
32. Barrett P, Ross AW, Balik A, Littlewood PA, Mercer JG, Moar KM, et al. Photoperiodic regulation of his-
tamine H3 receptor and VGF messenger ribonucleic acid in the arcuate nucleus of the Siberian ham-
ster. Endocrinology. 2005; 146(4):1930–9. Epub 2004/12/25. doi: 10.1210/en.2004-1452 PMID:
15618354
Central over-expression of VGF
PLOS ONE | DOI:10.1371/journal.pone.0172724 February 24, 2017 14 / 14
